We report on photoluminescence ͑PL͒ properties of Cu-and Al-doped ZnS nanocrystals fabricated by sequential implantation of Zn ϩ , S ϩ , Cu ϩ , and Al ϩ ions into Al 2 O 3 matrices. The spatially resolved PL spectrum has been studied by a scanning near-field optical microscope ͑SNOM͒. In the SNOM image, bright spots are observed on the sample surface. The PL spectrum at each bright spot is broad and is not sensitive to the monitored positions. The broad SNOM-PL spectrum at each spot is very similar to the macroscopic PL spectrum measured by conventional optics. The donor-acceptor pair luminescence process in nanocrystals is discussed.
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Much interest has been focused on the fabrication and optical properties of semiconductor nanocrystals doped with luminescence centers, such as transition-metal and rare-earth ions, 1 since it is reported that Mn 2ϩ doped ZnS nanocrystals show high photoluminescence ͑PL͒ efficiency and a short PL lifetime. 2 The doped nanocrystals have usually been fabricated by chemical synthesis methods. 2, 3 However, in the case of the doped nanocrystals fabricated by the chemical methods, it is suggested that doped ions are at the surface of nanocrystals. 4 The luminescence properties depend on the surrounding chemical environment. 3 On the other hand, it has been demonstrated that ion implantation is one of the most versatile methods for the fabrication of compound semiconductor nanocrystals embedded in transparent matrices. 5, 6 In particular, impurity-doped semiconductor nanocrystals can be simply fabricated by sequential ion implantation of the elements forming compound semiconductors and impurities. 7 In this work, we have fabricated ZnS nanocrystals doped with Cu and Al ͑ZnS:Cu,Al nanocrystals͒ by ion implantation followed by thermal annealing, and have studied their PL properties. Spatially resolved PL spectra of individual ZnS:Cu,Al nanocrystals were measured by means of a scanning near-field optical microscope ͑SNOM͒. The donoracceptor ͑DA͒ pair luminescence related to Cu and Al impurities is clearly observed in the nanocrystal samples. The spectral shape of the SNOM PL is very similar to that of the far-field PL measured by conventional optics. The origin of the broad PL spectrum of single ZnS:Cu,Al nanocrystals is discussed.
The ). X-ray diffraction examination indicated that the ZnS nanocrystals are prepared as a mixture of hexagonal and cubic ZnS crystals. 8 The far-field macro-PL spectra were measured under a 310 nm light excitation, using a cooled charge-coupled device ͑CCD͒ detector and a 32 cm monochromator. The spatially resolved PL spectra were measured by a SNOM system ͑JASCO, NFS-330͒. For the SNOM-PL measurements, the sample was illuminated with 325 nm He-Cd laser light through an aperture of fiber probe with a pure-SiO 2 core. The PL signals from the sample were collected by the same aperture ͑a so-called illumination and collection mode͒ and detected by a cooled CCD detector through a 25 cm monochromator. The spectral sensitivity of the measuring system was also calibrated using a tungsten standard lamp. Figure 1 shows macro-PL, PL excitation, and absorption spectra of ͑a͒ the low-doped and ͑b͒ the high-doped samples at 14 K. In the low-doped sample, four peaks are clearly observed in the absorption spectrum, and their peak energies are indicated by the arrows in Fig. 1͑a͒ . It is found that the energies of the four peaks almost coincide with the exciton energy ͑3.81 eV͒ in the cubic ZnS bulk crystal and the A, B, and C exciton energies ͑3.88, 3.90, and 3.98 eV͒ in the hexagonal ZnS bulk crystal, respectively. 9 This result shows that the ZnS nanocrystal sample is a mixture of cubic and hexagonal ZnS crystals, and this observation is consistent with x-ray diffraction examination. 8 The broad PL band is ob- served around 2.40 eV, similar to the intense green luminescence of ZnS:Cu,Al bulk crystals. 10, 11 In undoped ZnS nanocrystal samples, the broad green PL is not observed. Therefore, it is believed that the broad PL spectrum in Zn-S:Cu,Al nanocrystals is ascribed to the DA pair ͑Al-Cu pair͒ luminescence in ZnS.
In the high-doped sample, the broad PL band is observed around 2.40 eV, as shown in Fig. 1͑b͒ . In the PL excitation and absorption spectra, the hump around 3.4 eV was observed, in addition to the band-to-band transition of ZnS nanocrystals around 4 eV. A similar hump is observed in the PL excitation spectrum of ZnS:Cu,Al bulk crystals and this is assigned to the transition of an electron from the Cu acceptor to the conduction band. 12 The PL intensity of the high-doped sample ͓Fig. 1͑b͔͒ is much larger than that of the low-doped sample ͓Fig. 1͑a͔͒. The doped impurities control the optical absorption and luminescence properties of ZnS:Cu,Al nanocrystals. The average size of ZnS nanocrystals in the highdoped sample is estimated to be 10 nm, from the blueshift of the peak energy of the PL excitation spectrum. Figure 2͑a͒ shows the spatial profiles of the spectrally integrated PL intensity of the high-doped sample at room temperature. Several bright spots are observed on the sample surface and these correspond to the light-emitting ZnS:Cu,Al nanocrystals. The spectra of SNOM PL at several bright points are shown in Fig. 2͑b͒ . It is found that the peak energy and spectral width of the SNOM PL at each position almost coincide. Furthermore, the observed SNOM-PL spectrum is very similar to the macro-PL one. These results are completely different from the PL properties of shallow impurities in CdS nanocrystals fabricated by ion implantation. 13 In CdS nanocrystals, sharp PL lines are observed in the SNOM-PL spectrum, and the shallow impurity PL spectrum is very sensitive to the monitored position under the same experimental condition. 14 The broad PL band in the macro-PL spectrum consists of an assembly of sharp PL lines of individual nanocrystals. 13 On the other hand, in ZnS:Cu,Al nanocrystals, the sharp PL lines cannot be observed in the SNOM-PL spectrum and the PL spectrum of a single ZnS:Cu,Al nanocrystal is very broad. Rather, the SNOM-PL spectrum is very similar to the macro-PL spectrum. In order to clarify the origin of the broad PL spectrum from single nanocrystals, we have studied PL spectra as a function of the excitation laser intensity and the measurement temperature.
The inset of Fig. 3 shows the SNOM-PL spectra of the high-doped ZnS:Cu,Al nanocrystal sample at room temperature and at 20 K. Even at 20 K, the observed spectrum was the broad Gaussian shape. The spectral width of the SNOM-PL band at room temperature is larger than that at 20 K. In addition, the spectral width of the macro-PL band ͑full width at half maximum͒ is plotted as a function of the measurement temperature in Fig. 3 . The spectral width of the green PL increases with an increase of temperature. Both macro-PL and SNOM-PL are sensitive to the measurement temperature. In addition, the spectral widths of the SNOM-PL at room temperature and at 20 K are almost the same as that of the macro-PL. These observations imply that the macro-PL spectrum is mainly determined by the luminescence processes in single nanocrystals, rather than the broad size distribution of the nanocrystals in the sample. Since the level of the Cu acceptor is known to have a binding energy of about 1.20 eV, 15 the spectrum of a single DA pair lumi- nescence is broadened by the strong interaction between phonons and the electrons trapped at the deep Cu acceptors. The inset of Fig. 4 shows the SNOM-PL spectra under different laser intensity excitation at 20 K. The peak energy of the SNOM-PL spectrum shifts to higher energy with an increase of the excitation laser intensity. In Fig. 4 , the PL peak energies of the SNOM-PL and macro-PL spectra are plotted as a function of the excitation intensity at 20 K. Similar excitation intensity dependence of the PL peak energy is observed in the SNOM-PL and macro-PL spectra. These observations in Figs. 3 and 4 show that the broad PL is due to the DA pair luminescence processes in ZnS:Cu,Al nanocrystals.
In the DA pair recombination process, the emission photon energy depends on the distance R between donors and acceptors, and is given by 15, 16 EϭE g ϪE A ϪE D ϩe 2 /⑀R, where E g is the band-gap energy, E D and E A are the donor and acceptor binding energies and ⑀ is the static dielectric constant. Under high intensity excitation, almost all donors and acceptors are neutralized. The DA pair luminescence is dominated by the recombination of closer pairs, having large recombination probability and emitting higher energy photons. 16 On the other hand, under low intensity excitation, the number of neutralized donors and acceptors decreases: The contribution of the recombination of distant pairs, having small recombination probability, appears in the DA pair luminescence. The energy of photons emitted by the recombination of distant pairs is lower than that of closer pairs. Therefore, in the DA pair luminescence, the peak energy of the PL spectrum shifts to a lower energy with a decrease of the excitation intensity, as shown in Fig. 4 .
In ZnS:Cu,Al, the Al donor has a shallow level with the binding energy of about 0.10 eV, and the Bohr radius is 1.2 nm, 17 while the binding energy of the Cu acceptor is about 1.20 eV. In ZnS:Cu,Al nanocrystals, the acceptor Bohr radius is negligibly small compared to the donor Bohr radius. Therefore, the probability of the DA-pair recombination P depends on the distance R between the donors and acceptors and the donor Bohr radius a D ; Pϰexp͓Ϫ2R/a D ͔. In our samples, the average diameter of the high-doped sample ͑about 10 nm͒ is larger than the extent of the wave function of the electron trapped at donors ͑1.2 nm͒. When there exist many Al and Cu impurities in a single nanocrystal, the PL spectrum consists of an assembly of the PL bands due to the recombination of various DA pairs. Then, the PL spectrum of single nanocrystals is sensitive to the excitation intensity, similar to the case of bulk ZnS:Cu,Al crystals. In our sample, the macro-PL spectrum is mainly determined by the spectral broadening mechanism in a single nanocrystal ͑the strong electron-phonon interaction and the distribution of the DA pair distance in a single nanocrystal͒, rather than the broad size distribution of the nanocrystals in the sample.
In conclusion, we have studied the optical properties of Cu-and Al-doped ZnS nanocrystals formed by sequential Zn ϩ , S ϩ , Cu ϩ , and Al ϩ ion implantation into Al 2 O 3 matrices. The DA pair luminescence related to Cu and Al impurities is clearly observed in Cu-and Al-doped ZnS nanocrystals. The PL spectrum in a single ZnS:Cu,Al nanocrystal is broadened by the strong electron-phonon coupling and the distance distribution between donors and acceptors. Our spectroscopic data show that sequential ion implantation is a unique method for synthesizing nanoparticles doped with optically active impurities.
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